Simulation of flow and particle deposition in multigenerational bronchial tube geometries is a nontrivial problem. The lung airway geometry is quite complex due to asymmetry, nonplanarity and multiple generations. There are 23 airway generations in the human lung. The complexity of the airflow increases with an increasing number of generations. Particle deposition in bronchial tubes is strongly affected by these complex flow fields and bronchial tube geometry. Determination of mesh independence requirements of CFD solutions in large-scale, multigenerational models can guide the optimum use of computational resources. In this paper, we investigate the mesh independence of the solution in an idealized lung geometry consisting of a nine-generation, nonplanar, bronchial tube model using our hybrid (finite element/finite volume), matrix free, parallel CaMEL flow solver. Four mesh resolutions were considered for the mesh refinement study. Steady-state inspiratory flow was simulated with an inlet Reynolds number of 319. The dimensionless pressure drop, primary velocity profiles, and mass flow distribution were investigated to assure mesh independence of the primary flow fields. The results showed minimal differences in these metrics for all four mesh resolutions indicating that a mesh independent primary flow was achieved for all four meshes. The mesh convergence of secondary flows was also investigated. The two finest meshes showed mesh convergence in terms of secondary flows. In addition, the particle transport for all the meshes were simulated using our Lagrangian based particle tracking model. The particle deposition was investigated by employing particle deposition efficiencies in each generation, RMS of FTLE difference values and FTLE difference maps. The results showed that as the meshes were refined; particle deposition efficiency differences and FTLE differences became smaller, suggesting that the solution was approaching mesh independence. The results indicated that, even though the primary flow fields showed mesh convergence for all the mesh refinements, the mesh convergence was achieved in terms of secondary flows and particle deposition for only the 2 nd and 3 rd refinement levels. This demonstrates the impact of secondary flows on the particle deposition as well as the importance of explicit investigation of the particle deposition employing meaningful metrics when performing a mesh refinement study in bronchial tube models. American Institute of Aeronautics and Astronautics 092407 2 μ = air viscosity t 0 = particle release time t = final time X 0 = particle release position X = final particle position ˄ = FTLE λ max = maximum Eigen value
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I. Introduction
he air flow fields in lung airways induced by respiration are quite complex due to the presence of secondary flows in form of vortices. These vortices are generated as a result of the geometry of the bronchial tubes. The secondary flows are known to play a crucial role in particle transport from inhaled air. The study of bronchial tube flows can increase an understanding of the harmful effects of the inhalation of disease bearing, carcinogenic, and lung damaging aerosols. The particulate matter (PM) suspended in the atmosphere is of various sizes and shapes ranging from large-sized pollens (diameter greater than 100μm) to nano-sized particles (diameter less than 1μm) such as fumes and ultrafine dust. 1 Most of the particles from the atmosphere found inside the human lungs range in size from 2-10μm, corresponding to coal dust, asbestos fiber, pollen, bacteria, etc. 1 There have been some studies identifying the risks related to micro-or nano-particles. [2] [3] [4] [5] [6] [7] [8] [9] These effects were found to be harmful to humans, especially young children. 10 Better understanding of the flow fields and particle transport in lungs can also contribute to the development of novel approaches for pulmonary drug delivery. Medication can be effectively introduced via the respiratory tract either targeted toward the airways for localized delivery in the lungs, or into the circulatory system for systemic delivery to other body parts. [11] [12] [13] [14] Experimental studies to achieve this goal often fall short because of the degree of difficulty and ethical issues associated with invasive procedures.
The geometry of the bronchial tubes is quite complex as it is characterized by bifurcations that produce multiple generations with asymmetric and nonplanar branching as shown in Fig. 1(a) . 15 A bifurcation is defined as the location where two daughter tubes diverge from a parent tube. Figure 1 (b) shows a single bifurcation representing a fundamental unit for generations 4-12. Typically, there are a total of 23 generations of airways in the human bronchopulmonary tree that consists of 2 22 distinct tubes. 16 In a realistic bronchial network, branching is not confined to a plane, i.e., the subsequent generation may not lie in the same plane as the previous generation. The outof-plane branch angles are randomly distributed in a manner that allows the bronchial tube network to fill the available space without intersections and significantly increases the complexity of the geometry. The effects of nonplanarity for asymmetric three-generation bronchial tube flow fields were investigated for three-generation bronchial tube models by Soni et al. 17 In another study, they demonstrated significant difference between the particle deposition in the planar and nonplanar three-generation bronchial tube models. 18 Morphological descriptions of the human bronchial tubes have appeared in the literature since 1963 when Weibel 19 introduced a symmetric model. After that, there have been various analytical and mathematical models proposed for defining bronchial tube geometry. [20] [21] [22] Recently, there have been studies to develop a realistic morphology of the lung airways employing CT-scan and MRI techniques. 
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The flows in the small bronchial tubes are laminar with a Reynolds number less than 1000. 25 However, the presence of secondary currents makes these flows quite complicated. The effects of secondary flow on particle dispersion were demonstrated by Soni et al. 18 The flow becomes more complex further down the tree due to the accumulative effects of nonplanarity and multiple branching. The bronchial tube flows can be categorized as primary and secondary flows. The primary flow is defined as flow in the direction of the local axis of the tube, while flows perpendicular to the local axis of the tube is known as secondary flows. Figure 2 shows the examples of primary and secondary flows in the bronchial tubes. Figure 2(a) shows the primary velocity vectors at various crosssections taken in the nine-generation bronchial tube model. The vectors are colored by dimensionless velocity magnitude. The cross-flow velocity vectors, representing the secondary flows in the cross-section at one of the daughter tubes, are shown in Fig. 2(b) . The vectors are plotted on the cutting plane which is shaded by total velocity magnitude. The vortices in Fig. 2(b) are formed as the fluid entering in the second generation turns. The fluid changes its path more where the axial curvature is higher (i.e. at the inner side of the tube), it rushes to the opposite side to conserve angular momentum. This results in a well defined vortex pair in the second-generation tubes as shown in Fig. 2(b) .
Researchers are mainly interested in simulation of flows in a fully resolved bronchial tree. Some researchers have shown progress in solving flows in more than just a few generation bronchial tube models. Nowak et al. 26 presented flow field and particle transport simulations on lung airways with Weibel's multigenerational symmetric planar model for up to 23 generations and a CT-scan model with nine generations. Ertbruggen et al. 27 described a three-dimensional, anatomically-based lung airway model starting from the trachea to the segmental bronchi up to a maximum of eight generations containing 17 bifurcations for simulating steady-state flow with microparticle transport. A multiblock structured mesh was employed and refined until the maximum difference between velocity profiles of successively refined meshes was less than 2%. Recently, Gemci et al. 28 presented a simulation of 17 generations of the human lung based on the anatomical model of Schmidt et al. 29 The geometry was only partially resolved, containing only 1453 bronchi as opposed to 2 17 branches for a fully resolved model. Zhang et al. 30 simulated steady-state inspiratory airflow and nanoparticle deposition in 16 generations of lung airways utilizing Weibel's 18 symmetric bronchial tube geometry. They decomposed a complex lung airway system into small-scale four-generation units. In more recent efforts, Walters and Luke 31, 32 proposed a Flow Path Ensemble (FPE) model to simulate flows in a nine-generation model with the model truncated so that the overall simulation size was significantly reduced. They used dimensionless pressure drop, mass flow distribution, velocity magnitudes and particle deposition efficiency as measures to quantify the effectiveness of the FPE method.
In order to accurately simulate particle transport in the bronchial tubes, the flow fields are required to be adequately resolved. This becomes even more important for the large-scale problem such as flows in the ninegeneration bronchial tube model. There have been a few detailed studies investigating mesh refinement to achieve a mesh independent solution in lung airways. An impact of mesh type on the accuracy of the solution was investigated by Longest et al. 33 They found a structured mesh to provide the same accuracy with lesser number of elements compared to an unstructured mesh. Soni et al. 34 carried out a detailed mesh refinement study for primary and secondary flows in three-and four-generation bronchial tube models. Zhang et al. 35 presented particle deposition patterns for a four-generation symmetric model using structured meshes to show mesh independence. The metrics used to establish mesh independence included the velocity field and the particle deposition patterns. Liu et al. 4 compared an asymmetric model to a symmetric model in steady-state flow field simulations. The flow was simulated using an unstructured mesh and mesh convergence was demonstrated by mesh refinement until the change in mass flow rate was within a tolerance of 0.5%.
In order to confirm that a solution is truly mesh independent, it is required to perform an explicit detailed mesh refinement study of primary and secondary flows, and particle deposition. The study should include flow field describing parameters such as velocity profiles, secondary flow intensities, mass flow distribution etc. Also, the particle deposition should be analyzed and measured to ensure the mesh independence. To achieve this, appropriate visualization techniques need to be utilized. For example, a Finite Time Lyapunov Exponent (FTLE) and particle destination maps 18 can provide qualitative information of particle deposition. In this paper, we try to address mesh refinement issues by utilizing appropriate metrics to ensure mesh independence in a large-scale bronchial tube model.
II. Numerical modeling
The nine-generation geometry as shown in Fig. 3 is based on Weibel's 15 morphology for generations 4-12 of the human bronchial tree. A fundamental unit of this bronchial tube model with a symmetric single bifurcation (twogeneration) is shown in Fig. 1(b) . A single parent tube being one-generation, two daughter tubes diverging from a parent tube defines two generations. A general expression to obtain total number of exits based on number of generations can be given as N exit = 2 N-1 , where N is the number of generations and N exit is the number of exits. The parent to daughter diameter ratio (D/d) for this model is 1.33, the length to diameter ratio (L/D) is 3, and the branching angle between two daughters tubes belonging to the same bifurcation were kept at 70 o . These values are based on average values of Hammersley and Olson's 37 data derived from cadaver studies. The parent tube diameter was taken to be 0.0057m. Since in reality out-of-plane angles defining nonplanarity are distributed randomly, they were chosen randomly between 0 o to 180 o . The fundamental units for the lung airways were added at the exits of the previous generations with randomly distributed out-of-plane angles to generate a nine-generation model. There are in total 2 8 = 256 exits in this model. The diameter of the exits was 0.00057m.
A. Mesh generation
Four levels of mesh refinements were generated to study the effect of mesh resolutions on bronchial tube flow and particle transport simulations. Fully unstructured meshes were employed for discretization of the nine-generation bronchial tube model. The commercial software package Gridgen 38 was utilized to generate high quality meshes. Gridgen has the ability to provide anisotropic cell layers, which can be used to resolve the boundary layer off the solid walls. This way, a user can benefit from boundary layer mesh made just from tetrahedral elements without having to generate prisms. In each generation, points were distributed uniformly along the cross-sections of each tube to generate a surface mesh. The node distribution in each generation was kept to be self-similar, in other words the number of nodes were kept the same along the edge of each tube (see Fig. 4 ). For example, in the refinement 3 mesh, the nodes were spaced at 5% length of the tube diameter in each generation to generate surface mesh. For the volume mesh, the initial spacing off the wall was kept to be 1% length of the tube diameter in each generation. The baseline mesh contained approximately 33 million elements, where as the most refined mesh had approximately 114 million elements. Each successive refinement had approximately 1.5 times the number of elements compared to the previous refinement. Table 1 shows the quantitative information about the meshes. Since there are nine generations in this model, there are 511 distinct tubes, which requires a large number of elements to fully resolve the geometry. The surface mesh resolution for all four mesh refinement levels is shown in Fig. 5 .
B. Flow and particle transport simulation
Steady-state inhalation was simulated with Reynolds number of 319, corresponding to an inlet volumetric flow rate of 20.83 cm 3 /s. The air flow was simulated by using the CaMEL flow solver. 39 CaMEL is an advanced computational fluid dynamics flow solver specifically developed for large scale simulations at the Northrop Grumman Center for High Performance Computing at Jackson State University. Because of the size of this problem, it requires a flow solver that can handle large-scale problems. CaMEL is a highly scalable, incompressible code, which can handle up to 2 billion elements. CaMEL is a hybrid finite volume/element solver, which takes advantage of the merits of both the Finite Volume and Finite Element methods and mitigates the shortcomings of each. The solution procedure for CaMEL follows a segregated approach to decouple pressure from velocity. The momentum equation is solved and velocities are updated using the finite volume method. Instead of pressure, an auxiliary variable which is closely related to pressure is used to provide the pressure gradient in the momentum equation. The Poisson equation is solved using Galerkin finite element method and the incremental value of the auxiliary variable is computed. Then, the auxiliary variable is used to update the velocity. Once the final velocity is computed, the pressure is updated using the auxiliary variable and the velocity divergence. For the present simulations, a parabolic velocity profile was applied at the inlet. No-slip boundary conditions were applied on the tube walls, and zero static pressure was specified at flow outlets. The flows were simulated in parallel using 256 processors, requiring 45 hours for the most refined mesh (i.e. refinement level 3).
The particle traces were simulated as a post-processing step using a Lagrangian method, since the flows in the bronchial tube model were simulated under a steady-state assumption. Water particles with a diameter of 10μm were released from the inlet of the model. Approximately 34000 particles were released at the inlet. The particles were released from the nodes of the uniform triangular mesh at the inlet. The initial velocities of the particles were kept to be the same as the inlet airflow velocities. Since impaction plays an important role for micro-particle transport, drag and gravitational forces were included in the equations of motion. The fourth-order Runge-Kutta method was used to integrate the particle equations of motion.
III. Results
The results of the flow field and particle trajectory simulations for the nine-generation bronchial tube model are discussed in this section. Comparisons of various metrics are made to achieve the mesh independence of the solution. 
A. Mesh independence of flow fields in nine-generation model
The pressure distribution in the bronchial tube model is shown in Fig. 6(a) . At the first bifurcation a local region of high pressure is observed. By investigating the dimensionless pressure drop, it is possible to measure global sensitivity of the solution to the mesh resolution. The dimensionless pressure drop is defined as follows:
For the all four refinement mesh levels, the dimensionless pressure drop was plotted as shown in Fig. 6(b) . The values of dimensionless pressure drop do not show much variation for all the refinements as shown in the figure (note the scale on Y axis). The maximum difference in values of dimensionless pressure drop between two consecutive meshes was found to be less than 0.4%. This implies minimal sensitivity of the dimensionless pressure drop to the mesh resolutions indicating that solution of all four meshes are mesh independent in terms of dimensionless pressure drop.
The localized flow fields can be investigated in terms of primary velocity profiles, mass flow and intensity of the secondary velocities at different locations. Primary velocity profiles were plotted on the line segment passing through the middle of the cross-sections shown in Fig. 7 to compare the results for each mesh. The primary velocity profile in a crosssection of generation-2 is shown in Fig. 8(a) . The velocity vectors normal to the cutting plane are plotted here and they are colored by dimensionless velocity magnitude. It can be observed that the velocity profile is shifted towards the inside of the bifurcation because of inertia. In Fig. 8(b) , the comparison between the primary velocities in all the four meshes is made. The dimensionless velocities along the length of the line segment are plotted. The differences in the velocity profiles are considerably small between all consecutive mesh refinement levels.
Similarly, the primary flow results are demonstrated for the cross-section in generation-3. In Fig. 9(a) , the primary velocity profile is shown on the cutting plane passing through one of the third generation branches. The variation of primary velocities with distance is shown in Fig. 9(b) . Again, minimal mesh sensitivity is observed. 
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In one of the branches of generation-8, we consider a cross-section and examine the primary flow behavior for the meshes. The velocity profile forms a parabolic symmetric shape as shown in Fig. 10(a) . Negligible differences between the primary velocity plots for all the meshes can be observed in Fig. 10(b) . It can be noticed that the peak velocity is quite small compared to the one in generation-2 and generation-3. 
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The mass flow distribution was compared for each refinement level to further analyze mesh independence of the primary flow in three different generational branches. Figure 11 shows the plots for mass flow distribution in branches of generation-2, 3, and 8. It can be observed that the mass flow entering in the eighth generation is significantly low compared to the generations-2 and 3. As the number of generations increases, the number of tubes in that generation increases and therefore the mass flow entering each branch decreases, as observed in Fig. 11 . The variation in the mass flow with mesh refinement does not vary much as seen in the plots. These results reconfirm the mesh independence of the local primary flows for all the mesh refinement levels.
The local secondary flows are shown in Fig. 12 for cross-sections in generations 2, 3 and 8. The cross-flow velocity vectors on each cross-section are plotted and the cross-section is colored by total velocity magnitude. A vortex pair symmetric to the bifurcation plane is generated in the generation-2 branch due to the curvature, as the geometry is locally planar here (see Fig. 12(a) ). On the other hand, asymmetric vortices are observed in the generation-3 branch as shown in Fig. 12(b) . The asymmetry is evident due to nonplanarity here as a result of the randomly chosen out-of-plane angle rotation. Since the mass flow in the eighth-generation branch is quite small (see Fig. 11(b) ), the velocities are not high enough to generate vortices here. Therefore, secondary flows are still present, but not in form of clearly visible vortices, as shown in Fig. 12(c) .
The secondary flows at each cross-sectional location can be quantified by measuring intensity of the secondary velocities. The intensity of the secondary velocities is defined as the ratio of the averaged local secondary velocities with respect to the averaged local primary velocity in a given cross-section. The intensities of secondary velocities were plotted for each cross-section location for all four mesh refinements. Figure 13 shows the variation of the intensity of secondary velocities with the mesh refinements for all three cross-section locations. Differences in the intensity of the secondary velocities decrease in generation 2 as the meshes are refined, suggesting the solution is approaching mesh independence with the mesh refinement. It can be seen from the figure that the intensity of secondary velocities does not differ much between mesh resolutions in generation 8 9
for mesh refinement study of flow field solution suggest that refinement 2 and refinement 3 show mesh independence in terms of secondary flows.
B. Mesh independence of particle deposition in nine-generation model
The above results indicate mesh independence for the baseline as well as refined meshes, in terms of primary airflows. The mesh independence of the secondary air flows for refinement 2 and refinement 3 provides indirect indication of the mesh independence of the particle deposition as well. However, the mesh refinement study for particle deposition needs to be carried out separately to confirm mesh independence. In order to measure global mesh sensitivity for the particle deposition in the nine-generation bronchial tube, we consider FTLE difference maps, and RMS of FTLE differences. In addition, particle deposition efficiencies in each generation can provide the indication of local mesh independence. Particle destination maps can qualitatively provide global information about particle deposition in a single map. All generations were divided into a total of ten zones, the parent tube being the first zone, and the exits being the tenth zone. Figure 14 shows the particle deposition in the nine-generation model for the baseline mesh in terms of the particle destination map. The color map for the particle destination map is shown in Fig. 14(a) , and particle destination map is shown in Fig. 14(b) . Based on where the particles are depositing inside the lung model, the particle release locations were colored in the particle destination map. It can be observed that almost 60 % of the map is highlighted in red, since a majority of the particles are exiting from the domain. The region colored in blue at the center of the particle destination map corresponds to the particles depositing in the first bifurcation due to impaction.
FTLE maps 40 are another visualization technique to understand the particle deposition behavior. FTLE maps show the deposition behavior of closely seeded particles inside the domain. Higher FTLE values (red region) imply that the particles released from here are more dispersed than the particles released at lower FTLE values (blue region). The FTLE values for each particle were computed using the following equation. 
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The FTLE map for the nine-generation broncial tube model is shown in Fig. 14(c) . Particle destination maps show how the particles are distributed in different zones, whereas how the particles are distributed within zones can be observed from FTLE maps. In other words, particles' behavior information in terms of coherency can be observed from FTLE maps. In order to investigate the qualitative change in the behavior of particle desposition with mesh refinements, we have plotted FTLE difference maps for two consecutive mesh refinement levels. Figure 15 shows the FTLE difference maps between baseline mesh and refinement 1 (Fig. 15(a) ), refinement 1 and refinement 2 ( Fig.  15(b) ), and refinement 2 and refinement 3 (Fig. 15(c) ). It can be observed that the maps show lower values of FTLE differences as the meshes are refined suggesting the solution is approaching mesh independence. In order to quantify the FTLE differences, we plot Root Mean Square (RMS) of FTLE differences for all three cases in Fig. 16 . It is evident from Fig. 15-16 that, refinement 2 and refinement 3 show mesh independence in terms of qualitative and quantitative FTLE differences.
The particle deposition efficiency is given by a percentage of particles depositing on the tube walls with respect to the number of particles entering the domain. In Fig. 17 , the variation of particle deposition with number of generations is plotted for each refinement level. From the figure, it is apparent that the particle deposition efficiency increases with the number of generations, except for the last generation where the particle deposition efficiencies are very small as generation 9 contains only tubular branches and no bifurcations. Since most of the particle deposition occurs at the bifurcation region, the particle deposition efficiency is substantially lowered in generation 9 due to the lack of bifurcation region. It can be seen from the plot that, as refinement level increases, the differences in the particle deposition efficiency become smaller. This provides indication that the solution is approaching mesh independence as it is refined. For the refinement 2 and refinement 3 cases, it is clearly seen that the differences are much smaller and therefore it can be implied that mesh independence is accomplished in terms of particle deposition efficiency in refinement 2 and refinement 3 meshes. 
IV. Conclusion
The mesh independence of primary air flow fields for four mesh resolution levels was investigated employing dimensionless pressure drop, primary velocity profiles, and mass flow. The results showed that the differences in all these metrics were found to be minimal between all the consecutive mesh refinements. This indicates that the primary flows are mesh independent for all the refinement levels. However, the intensity of the secondary velocities at various cross-sections was compared for all the refinement levels, and two finest refinements were shown to provide mesh independent solution.
We also investigated mesh independence for the particle deposition explicitly in the large-scale bronchial tube model. To achieve this, we considered metrics such as particle deposition efficiency, FTLE difference maps and RMS of FTLE differences. The results showed mesh independence of particle deposition for refinement levels 2 and 3. The consistency in the mesh convergence of the secondary flows and particle deposition attests the crucial role of secondary flows in particle deposition. It also demonstrated that, in order to resolve the particle deposition, it is important to extend a detailed mesh refinement study distinctively for particle deposition. The particle deposition results may not be truly mesh independent if the mesh refinement study is carried out solely for air flows in the lung airway models. The results also demonstrate the importance of the metrics that are used to quantify the mesh independence.
